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Introduction
The inferences made on neural microstructure from diffusion MRI depend on the time that the diffusing water molecules interact with their microscopic surroundings. The manipulation of this diffusion time to interrogate restricted diffusion by barriers in biological tissue was appreciated early on in excised muscle, which was assessed using repeated bipolar gradient pairs or stimulated-echo to enable shorter or longer diffusion times, respectively, compared to the typical pulsed gradient spin-echo (PGSE) diffusion MRI sequence (Tanner, 1979) . Signal dependencies on various diffusion times over tens of milliseconds were the crux of an early white matter model (Stanisz et al., 1997) and are part of the experimental methodology for axon diameter estimation by diffusion imaging techniques such as AxCaliber (Assaf et al., 2008) and ActiveAx (Alexander et al., 2010) . However, these techniques used diffusion times that were relatively long given the size of the restrictive boundaries (i.e. axon size), which limits the ability to distinguish smaller axons although this can be improved with stronger gradients (Drobnjak et al., 2016; Dyrby et al., 2013; Huang et al., 2015; Nilsson et al., 2017) . One of the earlier Monte Carlo simulations showed that <10 ms diffusion times should yield marked changes of measured apparent diffusion parameters in anisotropic tissue (Szafer et al., 1995) . This was observed experimentally for diffusion times as short as ~2 ms in excised nerve (Beaulieu and Allen, 1996) and healthy rat brain (Niendorf et al., 1994) . Short diffusion times (e.g. <10 ms) are made possible for MRI using oscillating gradient spinecho (OGSE) waveforms (Schachter et al., 2000) . Preclinical studies of the brain in vivo have shown elevated diffusion with progressively greater OGSE oscillation frequencies (i.e. shorter diffusion times) in rat cortical gray matter and mouse white matter (Aggarwal et al., 2012) , notably also showing greater increases with frequency in global ischemia and demyelination, respectively. The greater sensitivity of OGSE to restrictive compartment sizes has been demonstrated in various ex vivo samples of brain, nerve, and spinal cord where even higher frequencies and shorter diffusion times are possible with strong gradients (Kakkar et al., 2018; Lundell et al., 2015; Portnoy et al., 2013; Shemesh et al., 2013; Xu et al., 2014) . The implementation of this approach on human MRI scanners is more challenging due to weaker gradient systems limiting both frequency and b-value. The first human OGSE studies showing a dependence of diffusion metrics on short diffusion times down to ~4 ms were on the genu/splenium of corpus callosum in 4 subjects with b=200 s/mm 2 and 63 Hz (Van et al., 2014) and on multiple white matter tracts in 7 subjects using the full tensor with b=300 s/mm 2 and 50
Hz (Baron and Beaulieu, 2014) . The greater mean, parallel and perpendicular diffusivities that were observed at short diffusion times result from the water molecules experiencing less restrictive barriers in that time. Another human OGSE study showed that the slope of the diffusion coefficient plotted linearly as a function of OGSE frequency was different along the length of the corpus callosum in 6 subjects; steeper slopes (i.e. greater OGSE-PGSE differences) in the same paper were related to larger axon diameters as shown experimentally in excised rat spinal cord . This time dependence of diffusivities is also observed over much longer diffusion times using stimulated echo diffusion methods in human brain (e.g. up to 180 ms in (De Santis et al., 2016) and 600 ms in (Fieremans et al., 2016) ).
The corpus callosum (CC) is a common white matter tract for diffusion microstructure studies given its large dimensions, role in inter-hemisphere connectivity, and histology-based variability of axon diameters/density from anterior (genu) to posterior (splenium) across species such as rat (Barazany et al., 2009) , macaque (Caminiti et al., 2013; Stikov et al., 2015) and humans (Aboitiz et al., 1992) . This latter de facto human autopsy paper on 10 males and 10 females analyzed with light microscopy reports that by far the most populous axons are less than 1 micron (uncorrected for fixation shrinkage) in diameter with a greater density in the genu and splenium (Aboitiz et al., 1992) . However, larger axons are also observed in smaller number, primarily in the body followed by the splenium then the genu (see (Aboitiz and Montiel, 2003) for a pictorial distribution of the axons of the corpus callosum). The similarity of the genu and splenium both being different than the body is reported commonly in model-based diffusion MRI microstructure studies, namely low-high-low for axon diameter and high-low-high for axon density for genu-body-splenium in humans (Alexander et al., 2010; De Santis et al., 2016; Fick et al., 2016; Huang et al., 2015) , macaque (Alexander et al., 2010; Dyrby et al., 2013) , rats (Barazany et al., 2009) , and mice (Sepehrband et al., 2016; Shemesh et al., 2015) .
Males and females have shown similar distributions of axon size across the corpus callosum in the previously mentioned autopsy study (Aboitiz et al., 1992) . However, lab grown human male axons have been shown to have a larger cross-sectional area than human female axons (Dolle et al., 2018) and bigger axons are reported in the splenium of the CC for male rats (Pesaresi et al., 2015) . The hypothesis here is that males would have greater diffusion time dependency than females if their axons were larger, but sex/gender has not been factored into the limited number of small sample OGSE studies of human brain. Other MRI measures such as relaxivity and magnetization transfer have shown sex differences in the human corpus callosum (Björnholm et al., 2017) .
Aboitiz et al replotted their original 1992 data as a function of age over 25 to 68 years separated by sex, and showed that there was an increase of larger axons with age in both sexes although there were sex differences depending on CC region (Aboitiz et al., 1996) . A loss of smaller axons and shift to larger axons with age has been observed with microscopy in rodent (Stahon et al., 2016; Yang et al., 2009) and human autopsy studies (Marner et al., 2003; Tang et al., 1997) .
Using an imaging protocol modeled on an AxCaliber type acquisition (Fan et al., 2018) , a 300 mT/m "Connectom gradient" study in 36 healthy adults aged 22 to 72 years showed age-related increases of axon diameter index and decreases of axon density primarily in the genu (Fan et al., 2019) . The hypothesis here is that aging would be associated with greater diffusion time dependency as the relative axon areas get larger with age, but OGSE studies have not factored age into account yet.
The purpose of the present study is to evaluate if the three primary corpus callosum sub-regions demonstrate a sex or age related diffusion time dependence of the diffusion tensor metrics (axial (AD), radial (RD), and mean diffusivities (MD), and fractional anisotropy (FA)). Our previous dataset (Baron and Beaulieu, 2014) has been expanded to include both younger and older subjects to span an age range of 20 to 73 years, equally distributed between males (n=10) and females (n=10), using both short (4 ms, 50 Hz OGSE) and long (40 ms, PGSE) diffusion times.
To support our in vivo experiments, 2D Monte Carlo simulations were performed to evaluate the effect of axon diameter with different distributions and extracellular volume fraction on the difference of radial diffusivity between OGSE and PGSE.
Methods

Participants
Twenty healthy volunteers aged 20 to 73 years old (10 females, 38.0 ± 16.5, 21-73 years; 10 males; 37.7 ± 15.9, 20-67 years) with no self-reported history of neurological or psychiatric disease or brain injury underwent an MRI session. This study was approved by the Health Research Ethics Board of the University of Alberta. All participants gave written informed consent.
Scanning Protocol
DTI scans with short and typical effective diffusion times (∆ eff ) were acquired using cosine OGSE 50 Hz (∆ eff = 4.1 ms as calculated in ) and PGSE (∆ eff = 40 ms, gradient lobe width δ = 3.9 ms, gradient lobe separation ∆ = 41.3 ms) on a Varian Inova 4.7T MRI using an in-house developed sequence as detailed in (Baron and Beaulieu, 2014) . It is worth noting that the effective diffusion time for OGSE sequences is model-dependent (Lemberskiy et al., 2017; Novikov and Kiselev, 2010) and, accordingly, all simulations described later used the actual gradient waveforms implemented in this study without any of the simplifying assumptions used to estimate diffusion time. The following parameters were used for data acquisition: scan time of either 5 min each for 20 2.5 mm axial slices over 5 cm centered on the corpus callosum (n=8) or 10 min each for 40 2.5 mm slices over 10 cm (n=12); 2D single-shot EPI with R=2 GRAPPA (4 elements receive coil); partial Fourier 6/8; TR=12.5 s; TE=110 ms; FOV=24 cm; 2x2x2.5 mm 3 ; 6 averages; b=300 s/mm 2 ; 6 gradient directions to maximize b value for minimum TE. The 50 Hz OGSE protocol used two periods per gradient waveform (for a total of four: two before and two after the 180° RF pulse) and both OGSE and PGSE protocols were performed with a maximum gradient of 57.5 mT/m per channel. A subset of 7 of these subjects (with the 40 slice, 10 min protocol) was analyzed in a previous publication (not aging focused) where scanning parameters are presented with more details (Baron and Beaulieu, 2014) . There was limited slice coverage of 8 of the participants since they were part of a control group for a study on multiple sclerosis that had already underwent over 1 hour of scanning (focused on sodium MRI) and hence the OGSE/PGSE protocol was kept short with a focus on the corpus callosum.
Both 20 and 40 slice protocols covered the full extent of the corpus callosum reported here.
DTI Analysis
The diffusion tensor data was processed using ExploreDTI and its imbedded set of tools (version 4.8.6). Briefly, data was first corrected for Gibbs ringing artifacts (Perrone et al., 2015) , followed by rigid body motion with elastix and eddy current corrections (Klein et al., 2010; Leemans and Jones, 2009; Shamonin et al., 2013) . The tract of focus was the central portion of the corpus callosum (partly given the limited inferior/superior coverage here), which was segmented using tractography-based 3D ROIs. Based on our previous publication (Baron and Beaulieu, 2014) , each CC subregion tract was extracted based on a manually drawn seed ROI of the CC located in the middle sagittal reconstructed slice and one end ROI located right before the beginning of the main upward curvature in each hemisphere (i.e. on the color FA map coded for fiber direction, end ROIs were placed when the y-plane slice was reaching inferior to superior fibers). The mean tract length of each CC segment was 13.7 ± 1.5 mm for the body, 11.1 ± 1.2 mm for the genu and 14.1 ± 1.7 mm for the splenium. Deterministic tracking used an FA threshold of 0.2 and a maximum angulation threshold of 30 degrees. Fiber tract segments for genu, body and splenium were made for each subject for PGSE and OGSE protocols. The diffusion parameters of fractional anisotropy (FA), mean (MD), axial (AD), and radial diffusivities (RD) were averaged over the entire tract region.
Statistical Image Analysis
Analyses were performed using IBM SPSS Statistics for Mac, version 24.0.0.1. Armonk, NY:IBM Corp, and Graph Pad Prism for Mac, version 8.1.2, San Diego, California. The four diffusion parameters were compared between OGSE and PGSE in the three sub-regions of the corpus callosum for males and females separately. Based on the Shapiro-Wilk test for normality, most of these distributions were normally distributed (40/48) and a paired t-test was therefore used, followed by a correction for false discovery rate (FDR) with a corrected p-value threshold of 0.033. In addition, the absolute OGSE-PGSE difference of the diffusion parameters were assessed per CC region with a one sample t-test (compared to 0) with FDR correction (corrected p-value threshold of 0.025) and a one-way ANOVA was further used to compare between males and females in a region-wise manner. The difference of diffusion parameters between OGSE and PGSE were assessed for linear correlations versus age for males and females separately. A correction for FDR was further applied on the correlation results, with a corrected p-value threshold of 0.01.
Monte Carlo Simulations
In order to investigate the microstructural characteristics that affect RD, experiments were simulated using the same PGSE and OGSE diffusion-weighting gradient waveforms outlined above, applied perpendicular to axons with various geometries. As previously described , axons were modeled as two concentric circles, defined by an outer diameter (d) and g-ratio (g). For each simulation, N = 500 axons were uniformly distributed into an arena with a defined extra-axonal volume fraction (EVF) and with periodic boundary conditions (Hall and Alexander, 2009 ). Each axon diameter, d i for i = 1 to N, was randomly sampled from a given probability distribution, either uniform( ̅ ) or lognormal( ̅ , ), where ̅ was the arithmetic mean axon diameters and was the standard deviation of log( ) (Buzsaki and Mizuseki, 2014) .
Simulations were performed using every combination of EVF = 0.3, 0.4, 0.5, 0.6, 0.7, ̅ = 0.5, 0.8, 1.0, 1.5, 2.0, 3.0, 4.0, 6.0, 8.0, 10.0 µm, and (for lognormal axon diameter distributions) = 0.3, 0.5, 0.7. For each set of sampled axon diameters, the area-weighted outer axon diameter, 〈 〉 , was calculated as
Simulation results were tabulated only for scenarios of 〈 〉 < 12 µm, because larger values were considered unrealistic for human corpus callosum. Figure 1 shows four examples of axon diameter distributions, one uniform and three lognormal, with mean axon diameter, ̅ , and EVF = 0.3. Note that while the ̅ is constant across these distributions, the computed area-weighted axon diameter, 〈 〉 , increases with inclusion of larger axon sizes. The length of the square simulation arena, , varied with EVF, ̅ , and axon distribution, with a range of 12.4-559 µm, and an average length of 148 µm. On average, was 4x greater than the root mean squared displacement of extra-axonal water diffusion (RMSD). While the RMSD approached for geometries with the smallest axon sizes, these geometries exhibited the smallest difference in OGSE and PGSE RD. Therefore, we expect any correlations in radial diffusivity (Burcaw et al., 2015) caused by the periodic boundary condition to have a minimal effect on the simulated results. All simulations were run with a constant g = 0.7 (Chomiak and Hu, 2009 ) and free water diffusion coefficient, D 0 = 3.0x10 -3 mm 2 /s. Myelin water, inter-compartmental water exchange, and relaxation were neglected. The number of spins simulated was set to 200,000, providing a lower bound on the SNR of the simulated signal ≈ 450 . No additional thermal noise was added to the simulated signals. Gradient waveforms were simulated with a time step of 3 µs, which was empirically tested to not bias the simulations, resulting in a spatial step of ≈ 0.19 µm at each time step in a random orientation, and 36893 total steps. Simulated signals and subsequently calculated RD values were tabulated independently for intra-axonal and extra-axonal compartments as well as in total. Simulations were implemented in CUDA and MATLAB, and run on a Linux computer with a GeForce GTX Titan GPU. The entire set of simulations completed in 2-3 days.
Results
PGSE and OGSE DTI in Human Brain
Representative maps of fractional anisotropy (raw and color encoded for principal eigenvector direction) and mean, radial, and axial diffusivities show overall comparable quality between PGSE ( Figure 2A ) and OGSE (50 Hz) ( Figure 2B ). A notable qualitative difference between the two scans is the increased signal of the cerebrospinal fluid (CSF) on only the PGSE due to turbulent CSF flow, as shown before (Baron and Beaulieu, 2014; Wu and Zhang, 2017) . When evaluated across the whole CC for the entire group ( Figure 2C ), OGSE showed significant paired decrease for FA when compared to PGSE (Mean FA: 0.70 ± 0.03 for PGSE vs 0.68 ± 0.03 for OGSE, p = 0.00012) and all diffusivity parameters showed significant paired increases for OGSE (Mean MD: 1.05 ± 0.05 x10 -3 mm 2 /s for PGSE vs 1.12 ± 0.05 x10 -3 mm 2 /s for OGSE, p = 0.00002; Mean RD: 0.55 ± 0.05 x10 -3 mm 2 /s for PGSE vs 0.60 ± 0.06 x10 -3 mm 2 /s for OGSE, p = 0.00010 and Mean AD: 2.05 ± 0.10 x10 -3 mm 2 /s for PGSE vs 2.16 ± 0.08 x10 -3 mm 2 /s for OGSE, p = 0.00004). The OGSE -PGSE difference map ( Figure 2D , shown in the CC only for one mid-sagittal slice) illustrates the heterogeneous diffusivity differences with diffusion time along the CC. , increases (red tones, present in diffusivities) across this single sagittal slice of the CC. Note that any black voxels from these maps reflect changes outside of the prescribed range (either no or excessive changes); these voxels were only excluded to facilitate visualization but are included in subsequent analysis.
Sex Differences of OGSE versus PGSE
The primary focus here was on the three sub-regions of the CC with participants separated by sex. All the diffusivity parameters in the genu ( Figure 3A ) and splenium ( Figure 3C ) showed significant paired increases on OGSE relative to PGSE in both females and males. In contrast, the body of the corpus callosum had no significant OGSE-PGSE MD, RD, or AD differences in either females or males ( Figure 3B ). FA was lower with OGSE in the genu only for males, in the body only for females and in the splenium for both males and females (Figure 3 top row and Figure 4A ). Also, as the difference could be expected in both males and females, all the subjects were taken together (n=20), but there was no difference in the body for any of the metrics.
Relative to males, the genu in females demonstrated a smaller increase of OGSE over PGSE for RD ( Figure 4C ). In contrast, the splenium showed comparable increases for both sexes of OGSE over PGSE for MD and RD. AD was similarly elevated for females and males on OGSE over PGSE for the genu and splenium ( Figure 4D ). All diffusion parameter absolute and percent differences with respective p-values are presented in Table 1 for the three sub-regions. Overall in the genu and splenium in the combined group, the significant percentage changes of OGSE relative to PGSE are greater for RD (+5.9% to +21.8%) than AD (+5.2% to +9.6%), leading to a small reduction of FA (-3.7% to -4.3%) and moderate increases of MD (+6.0% to +13.3%). shown per individual. The genu and splenium showed significant OGSE-PGSE differences in nearly all parameters for both sexes. The only sex-specific difference was in the genu which showed a greater RD OGSE increase relative to PGSE in males than females. The body shows no MD, RD, or AD dependence on diffusion time, and only a very small 0.01 reduction of FA in females between OGSE and PGSE. * (for differences from 0) or # (males versus females) p<0.05, ** p<0.01, *** p<0.001. 
Correlation of OGSE versus PGSE Difference with Age
The age span of 20 to 73 years of age permitted an opportunity for preliminary analysis of whether the difference of the diffusion tensor parameters between short diffusion time OGSE and long diffusion time PGSE was altered with adult aging in a separate analysis of females and males, admittedly with a small sample size of 10 per group. Over the entire combined group, there was no significant correlation of absolute change of OGSE versus PGSE with age after correction for multiple comparison, but it correlated positively with age for MD (body/splenium), RD (genu, body), and AD (body) in females ( Figure 5 ). No age correlations were found in males. These age correlations were driven by larger OGSE-PGSE differences in the 3 older females (49, 56, 73 years). The males had consistent OGSE-PGSE differences across the adult age span for the genu and splenium, whereas the body showed no consistent diffusion time differences for any age in males. The OGSE-PGSE difference for FA did not correlate with age in any corpus callosum region for either sex. However, as an age effect could be expected for both males and females, an ANCOVA analysis was performed while setting age as a covariate and sex as a fixed factor. This analysis revealed a significant difference in the slopes of males and females only for body AD and MD while body RD, genu RD and splenium MD were not significant (see supplemental Table S1 for statistical details).
Figure 5.
Linear age dependence of OGSE versus PGSE diffusion parameter absolute differences for all three corpus callosum sub-regions in females and males separately. Significant OGSE-PGSE increases with age were observed for (A) RD in the genu, (B) MD/RD/AD in the body, and (C) MD in the splenium of the female group. However, the 7 women under 40 years are scattered around zero difference and the correlation appears driven by the greater OGSE-PGSE diffusivity difference in the 3 women aged 49, 56, and 73 years. In contrast, males did not show any significant correlations with age. Only significant correlations surviving FDR correction (p-value threshold of 0.01) are displayed with best fit lines.
Monte Carlo Simulations of Axonal Distribution with PGSE and OGSE
To help interpret the experimental results in human brain using OGSE and PGSE, 2D Monte Carlo simulations were performed on various axonal distributions. Simulation results shown in Figure 6 demonstrate that for all four axon diameter distributions, simulated RD increased markedly with increasing EVF, as expected. For a given EVF, RD from PGSE was nearly constant over the range of 〈 〉 from 0.5 to 12 µm, while OGSE provided a greater dependence of RD on 〈 〉 . These absolute RD trends were relatively independent of EVF and axon size distribution. For all four axon diameter distributions and five EVF values, the relative and absolute differences between RD from OGSE and PGSE is plotted versus 〈 〉 in Figure 7 . The difference in RD (OGSE -PGSE) began to deviate from zero at 〈 〉 ≈ 3 µm, and then continued to increase with increasing 〈 〉 . The relative difference in RD depended upon 〈 〉 and EVF (top row), but the absolute difference in RD OGSE-PGSE was nearly independent of EVF and axon distribution over the 1 to 12 µm 〈 〉 domain. Looking at the compartment specific extra-and intra-axonal RD differences (Figure 8) , we see that both water compartments report on 〈 〉 and that for 〈 〉 < 5 µm, the total OGSE-PGSE difference is driven almost entirely by extra-axonal water signals. In supplemental Figure 1 , these same data is plotted vs 〈 〉 ! , which may be a better indicator of extra-axonal diffusion (Burcaw et al., 2015) . When linking these simulated differences to the human experimental observations above, the results suggests a similar mean area-weighted outer axon diameter of 3.5-5 µm for both females and males in the splenium, while the genu differences suggest a mean area-weighted outer axon diameter of 2-3 µm for females and 5-6 µm for males. 
Discussion
This study focused on the corpus callosum of 20 healthy participants and is an extension of our initial publication showing the feasibility of OGSE DTI in human brain where we demonstrated diffusion time dependence in multiple white matter tracts even with such low b values (Baron and Beaulieu, 2014) . There are four new key findings to be discussed below: (i) the genu and splenium of the corpus callosum show consistent OGSE-PGSE differences but the body did not, (ii) these differences were similar between males and females with the exception of the genu that showed greater radial diffusivity increases at short diffusion time in males, (iii) only females showed linear increases of the percent OGSE-PGSE difference with age in the various corpus callosum sub-regions, and (iv) Monte Carlo simulations showed that the absolute difference in OGSE -PGSE radial diffusivity depends primarily on the area-weighted outer axon diameter (〈 〉 ), and is relatively independent of EVF or axon size distribution.
The axonal composition of the CC is expected to differ along its anterior-posterior axis and this appears related to an inherent structure-function relationship facilitating connections to different left/right cortical regions (Frederiksen, 2013; Tzourio-Mazoyer, 2016; van der Knaap and van der Ham, 2011) . Based on the simulations presented here and the correlations of larger axon diameters in ex vivo spinal cord with oscillation frequency (i.e. shorter diffusion time) , our experimental observation of short diffusion time dependency implies that 〈 〉 is greater in the genu and splenium than in the body. However, this does not fit with the light microscopy reports from autopsy human CC of a greater number of larger axons in the body (Aboitiz and Montiel, 2003; Aboitiz et al., 1992) . In those papers, the genu and splenium are suggested to have more small, densely packed axons with the splenium having some heterogeneity with large axons. Several previous diffusion MRI studies (not OGSE) of the human CC have reported similarities of greater axon density and smaller axons size between the genu and splenium, with the body being different (Alexander et al., 2010; De Santis et al., 2016; Fick et al., 2016; Huang et al., 2015) . Our OGSE data does suggest congruence between the genu and splenium, but it is at odds with the body. Other MRI metrics such as g-ratio and relaxation rates also show genu/splenium similarities (smaller g-ratio, R1, and R2) with the body differing in human CC (Björnholm et al., 2017; Thapaliya et al., 2018) . T1 has also been shown to vary progressively from anterior to posterior in human CC showing different properties in the genu, body, and splenium rather than having a bookend pattern Lee et al., 2019a) .
The lack of OGSE-PGSE diffusivity differences in the body was fairly consistent over all 20 volunteers (male and female, Figure 3 ), but, as mentioned above, the reasons for this are unclear given the histology literature. One technical possibility is that the body may be more difficult to measure since it is thinner relative to the axial slice orientations than either the genu or splenium, and may be more prone to image artifacts (e.g. Gibbs ringing), CSF partial volume, and pulsatility effects that differ between OGSE and PGSE waveforms (Baron and Beaulieu, 2014; Wu and Zhang, 2017) . Regions located at the center of the brain and around the body of the corpus callosum are more sensitive to cardiac pulsation artifacts in DTI (Chung et al., 2010) .
There are several individuals where the body CC showed greater diffusivity values on the longer diffusion time PGSE, relative to OGSE, which is not congruent with what is expected physically.
Our previous tractography based analysis on a subset of the cohort found no changes in the body CC for axial and radial diffusivities at short diffusion times, but there was an FA reduction (Baron and Beaulieu, 2014) ; note that we do observe a small FA reduction with OGSE in the body CC of females here. Overall, the lack of OGSE-PGSE diffusivity differences in the body requires verification with higher image spatial resolution with minimal CSF contamination and other artifacts.
The experimental OGSE-PGSE RD difference of 0.04 to 0.10 x 10 -3 mm 2 /s (5 to 20 %) between OGSE and PGSE in the genu/splenium corresponds to 〈 〉 = 3 to 6 µm from simulations. This agrees well with the mean inner axon diameter that Alexander et al report in their simulations (based on the Aboitiz 1992 paper) of 2 to 5 µm, whereas the axon diameter mapping gave larger estimates of 6 to 14 µm (see Figure 9 , left panel in (Alexander et al., 2010) ). The ability to distinguish smaller axons can be improved with stronger gradients, although previous PGSE studies used longer diffusion times than the 4 ms used here with OGSE (Drobnjak et al., 2016; Dyrby et al., 2013; Huang et al., 2015; Nilsson et al., 2017) . The early autopsy studies suggest that the majority of inner axon diameters in human brain are <1 µm, so our outer diameter axon values of 3-6 µm may seem erroneously large. However all histology approaches include underestimation of axon diameters up to 50% due to fixation shrinkage (Marner et al., 2003) .
Electron microscopy of human CC revealed a range of inner axon diameters from 0.2 to 5 µm (the larger axons were found in the splenium) (Liewald et al., 2014) , and this matches recent 3D electron microscopy of mouse CC genu that reported a range of inner axon diameters from 0.3 to 3 µm (Lee et al., 2019b) . Furthermore, although not reported in the Aboitiz 1992 paper (Aboitiz et al., 1992) , our estimate of axon area based on their Figure 1 suggests that the axons greater than 1 µm contribute about 60% of the axon area, despite their much smaller numbers, and hence for diffusion MRI these contribute to 60% of the water signal (ignoring relaxation, etc.). Thus, a small proportion of larger axons could drive an OGSE-PGSE difference. An illustrative example of this is shown in Figure 9 where the addition of only 1% of axons with 12 µm outer diameter increases the area-weighted axon diameter by 2.3x (i.e. from 2.4 to 5.6 µm)
with almost no change in mean diameter (i.e. from 1.5 to 1.6 µm). By cross-referencing this with our simulations in Figure 7B , the RD OGSE-PGSE difference would go from ~0.02x10 -3 mm 2 /s to ~0.10x10 -3 mm 2 /s. Figure 9 . Example of lognormal distributions with a (A) mean outer diameters of 1.5 µm ( = 0.5) producing an area-weighted mean axon diameter 〈 〉 of 2.4 µm. The same distribution is presented in (B) including 1% of 12 µm diameters axons, producing a minimal mean diameter increase of 0.1 µm, while the resultant area-weighted mean axon diameter 〈 〉 more than doubles.
Sex differences have not been considered previously in animal OGSE versus PGSE central nervous system studies (Aggarwal et al., 2012; Kershaw et al., 2013; Pyatigorskaya et al., 2014; Xu et al., 2014) nor in human brain studies, which were primarily a demonstration of the feasibility of these methods in human brain and had limited sample size (Baron and Beaulieu, 2014 ; Van et al., 2014) . Here males and females showed comparable short diffusion time changes in the splenium and comparable no changes in the body, but males did show greater change in the genu. The OGSE-PGSE RD of the genu increased by 22% in males whereas it was only 5% in females. This suggests that males on average have larger area-weighted axon diameter in the genu CC. Testosterone-dependent axon diameter has been shown in the rat splenium, but other CC regions were not assessed (Pesaresi et al., 2015) . We did not see sex differences of diffusion time dependence in the human splenium CC however. Ultrastructural analysis of an in vitro model of rat and human axons has shown that males had considerably larger axons than females (Dolle et al., 2018 ).
An increase of OGSE -PGSE differences with aging over 21 to 73 years was observed in female participants in all CC sub-regions for at least one diffusivity parameter. Given that greater OGSE-PGSE differences are related to larger axon diameters or area-weighted axon outer diameters in our simulations, this difference suggests reorganization in white matter axonal content such as loss of smaller axons leading to a larger mean axon diameter. These observations appear to be in accordance with various animal histology studies in female rats (Yang et al., 2009 ) (no male rats were included in that study) and both male and female rhesus monkey (Bowley et al., 2010) that showed a marked loss of smaller axons in white matter with aging. This was also seen in human autopsy studies where female (Tang et al., 1997) (no males were included in that study) or both sexes (Marner et al., 2003) showed loss of small diameter axons with aging. These histology studies are supported by a combined multi-shell diffusion/quantitative magnetization transfer MRI study showing an increase of g-ratio with aging for combined males and females across several white matter tracts (Cercignani et al., 2017) , since smaller axons tend to have lower g-ratios. When looking specifically at the corpus callosum, one of the first histology studies looking at age relationships showed a higher prevalence of CC axon size correlation with age in females (Aboitiz et al., 1996) . A highgradient (300 mT/m) diffusion (not OGSE) MRI study of the entire CC reported larger axon diameter and lower axon density over ages 22 to 72 years (n=36) (Fan et al., 2019) . Further subdivisions of the CC suggested larger axon diameters in the genu and lower axon density in the genu and posterior part of the body (Fan et al., 2019) . In that study, the age correlations were controlled for gender, but the data was not presented separately for males (n=13) and females (n=23), although the majority were female. Our OGSE-PGSE changes with age seem to fit with some of these other observations, but it must be considered exploratory as we have a limited sample size, the significant correlations in females appear to be driven by the three oldest participants at 49, 56 and 73 years old and actual slope differences between males and females are only observed in the body.
Monte Carlo simulations showed that the difference in RD between OGSE and PGSE measurements primarily informs on the area-weighted outer axon diameter, 〈 〉 . Individually, the OGSE and PGSE RD measurements were sensitive to EVF, axon diameter distribution shape, and 〈 〉 , but the difference in these measures depended primarily on 〈 〉 . The relationship between 〈 〉 and RD OGSE-PGSE in Figure 7 is phenomenological, and it is possible that using a measure other than 〈 〉 for representative axon size would provide a more informative relationship with RD OGSE-PGSE (see, for example, supplemental Figure S1 ).
Some further insight is gained by breaking out the extra-and intra-axonal signal contributions, as shown in Figure 8 . The corresponding intra-axonal RD OGSE-PGSE difference is essentially zero for 〈 〉 ≲ 4 μ%, then grows rapidly with increasing 〈 〉 . Previous work found that intraaxonal diffusivity depends upon &'' = (〈 ( 〉/〈 ! 〉) */+ in the wide pulse limit and &'' = (〈 + 〉/〈 ! 〉) */! in the narrow pulse limit (Burcaw et al., 2015) . Indeed, considering only intraaxonal signals, a plot of RD OGSE-PGSE vs &'' = (〈 ( 〉/〈 ! 〉) */+ has less scatter (data not shown) than the corresponding plot vs 〈 〉 in Figure 8B . However, the same is not true when considering the total signal-that is, the data in Figure 7B is not more parsimoniously represented when plotted vs &'' . This is because, as illustrated in Figure 8 , the diffusion of extra-axonal water dominates RD OGSE-PGSE in the range of axon sizes relevant for this study.
While several studies have previously noted a linear relationship between extra-axonal ADC and frequency of the OGSE waveform (Ginsburger et al., 2018; Novikov et al., 2014; Xu et al., 2014) , these simulations also suggest that, over the 0 to 12 µm domain 〈 〉 , the extra-axonal RD OGSE-PGSE changes approximately linearly with 〈 〉 . Further simulation studies to explore these relationships are ongoing. Note that 〈 〉 can be strongly influenced from a small number of large axons (see example, Figure 9 ), which are known to be present in human brain at least to a 9 to 15 µm range based on histology (Aboitiz et al., 1992; Liewald et al., 2014) . Thus, it is conceivable that the RD OGSE-PGSE measurement is a more sensitive indicator of the presence of some large diameter axons than histological evaluations, which may characterize only a relatively small number of axons.
The dominant role of extra-axonal water on diffusion metrics derived from long diffusion time (hundreds of ms) experiments has been linked to short range disorder in axon packing stemming from axon heterogeneity (Burcaw et al., 2015; De Santis et al., 2016; Fieremans et al., 2016; Lee et al., 2018; Novikov et al., 2014) . Our simulations were limited in terms of tissue complexity, so it is possible that other tissue characteristics are also important in determining this RD difference. For example, the g-ratio was set to be a constant value of 0.7 here, but it is known to vary across axons (Berthold et al., 1983; Chatzopoulou et al., 2008; Crawford et al., 2010) . Also, the 2D simulations did not account for axon fiber orientation dispersion, any sources other than the outer membrane for extra-axonal water restriction (e.g., glial cells), myelin water, or possible inter-compartmental water exchange. The 2D simulations also do not yield any axial diffusivity (AD) measures although we showed short diffusion time changes of AD, and others have reported long diffusion time changes of AD in human white matter (Fieremans et al., 2016) .
Conclusion
White matter microstructure inferences by diffusion MRI is complex, but there is a critical role to play for diffusion time (see review by (Novikov et al., 2019) ). Here, short diffusion time OGSE DTI implies differences in the scale of restrictive influences along the human corpus callosum with sex and aging. Future work will need to focus on improving the fidelity of the OGSE/PGSE images and data, as well as examining whole brain for potential differences across various white matter tracts.
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